AFF1 and AFF4 belong to the AFF (AF4/FMR2) family of proteins, which function as scaffolding proteins linking two different transcription elongation factors, positive elongation factor b (P-TEFb) and ELL1/2, in super elongation complexes (SECs). Both AFF1 and AFF4 regulate gene transcription through elongation and chromatin remodeling. However, their function in the osteogenic differentiation of mesenchymal stem cells (MSCs) is unknown. In this study, we show that small interfering RNA (siRNA)-mediated depletion of AFF1 in human MSCs leads to increased alkaline phosphatase (ALP) activity, enhanced mineralization and upregulated expression of osteogenic-related genes. On the contrary, depletion of AFF4 significantly inhibits the osteogenic potential of MSCs. In addition, we confirm that overexpression of AFF1 and AFF4 differentially affects osteogenic differentiation in vitro and MSC-mediated bone formation in vivo. Mechanistically, we find that AFF1 regulates the expression of DKK1 via binding to its promoter region. Depletion of DKK1 in HA-AFF1-overexpressing MSCs abrogates the impairment of osteogenic differentiation. Moreover, we detect that AFF4 is enriched in the promoter region of ID1. AFF4 knockdown blunts the BRE luciferase activity, SP7 expression and ALP activity induced by BMP2 treatment. In conclusion, our data indicate that AFF1 and AFF4 differentially regulate the osteogenic differentiation of human MSCs.
INTRODUCTION
Mesenchymal stem cells (MSCs) are pluripotent stem cells that can differentiate into osteoblastic, chondrogenic, and adipogenic lineages. [1] [2] The bone marrow is the main source of stem cells for mesenchymal tissue. 1 Apart from that, MSCs can also be found in many other parts of the human body, including adipose tissue, chorionic villi of the placenta, amniotic fluid, peripheral blood, fetal liver, lung, and teeth. [3] [4] [5] [6] The osteogenic differentiation of MSCs is a complex process involving numerous signal molecules, including key transcription factors such as runt-related transcription factor 2 (Runx2) and Osterix, as well as various hormones. [7] [8] [9] [10] [11] In addition, the Wnt/β-catenin, bone morphogenetic protein (BMP) and transforming growth factor-β (TGF-β) signaling pathways are indispensable during the osteogenic process. [12] [13] [14] [15] Recently, accumulating evidence has shown that epigenetic regulation plays a pivotal role in the osteogenic differentiation of MSCs. [16] [17] [18] DNA methylation and histone modifications are the major mammalian epigenetic mechanisms involved in the progression from MSCs into terminally differentiated cells. 16, [19] [20] [21] For example, the expression level of histone deacetylase 1 (HDAC1) is decreased during osteoblast differentiation. Both AFF1 and AFF4 belong to the AFF (AF4/FMR2) family and regulate gene transcription epigenetically through elongation and chromatin remodeling. [22] [23] [24] They share three conserved domains: an N-terminal homology domain, an AF4/lymphoid nuclear protein domain, and a C-terminal homology domain. 25 Both function as scaffolding proteins linking two different transcription elongation factors, positive elongation factor b (P-TEFb) and ELL1/2, in super elongation complexes (SECs). [26] [27] Studies have shown that AFF1 and AFF4 are associated with acute lymphoblastic leukemia and FRAXE mental retardation. [27] [28] [29] [30] [31] promotes CD133 transcription and leukemia cell survival in multiple cancer cell lines. 32 AFF1 and AFF4 also play important roles in HIV transactivation and are closely associated with HIV-1 Tat. [33] [34] However, the role of AFF1
and AFF4 in MSC osteogenic differentiation is largely unknown. Although AFF1 and AFF4 are members of the same protein family with common structures and functions, we show that they differentially regulate the osteogenic differentiation of human MSCs in vitro and MSC-mediated bone formation in vivo. Mechanically, AFF1 controls the transcription of Dickkopf-related protein 1 (DKK1), while AFF4 is required for DNA-binding protein inhibitor ID1 transcription and BMP2-induced responses. were mixed with 60 mg of pure phase beta-tricalcium phosphate particles (SynthoGraft, Bicon, Boston, MA) and then transplanted subcutaneously under the dorsal surface as previously described. 36 The samples were collected 3 and 6 weeks after transplantation and decalcified with 10% EDTA. Paraffin sections were generated and stained with hematoxylin and eosin.
MATERIALS AND METHODS

Cell
Chromatin immunoprecipitation assay The chromatin immunoprecipitation (ChIP) assay was performed using a Simple ChIP Assay Kit (Cell Signaling Technology) according to the manufacturer's protocol with an antibody against AFF1 (Bethyl), AFF4 (Abcam) or the control normal rabbit IgG (Santa Cruz Biotechnology). After dissociating the DNA-protein complexes, the pulled-down DNA and input DNA were subject to quantitative RT-PCR analysis with primers designed to amplify target promoter regions. The results were expressed as the percentage of input DNA.
Luciferase assay MSCs were transfected with AFF4 or control siRNA together with 100 ng of BRE luciferase (#45126 Addgene, Cambridge, MA, USA) and 50 ng of CMV-β-galactosidase constructs using Lipofectamine 2000 transfection reagent (Invitrogen). After approximately 24 h, the cells were starved in serum-free medium overnight followed by treatment with 100 ng·mL −1 BMP2 for 6 h. The luciferase and β-galactosidase activities of total cell lysates were determined using Luc-Screen and Galacto-Star kits (Applied Biosystems).
Statistical analysis
All values are presented as the mean ± s.e. A two-tailed Student's t-test and one-way analysis of variance (ANOVA) followed by Tukey's test were used for single comparisons and multiple comparisons to assess the statistical significance of the differences among each pair of data sets. A P-value o0.05 was considered to be statistically significant.
RESULTS
Depletion of AFF1 improves the osteogenic differentiation of MSCs
To investigate the role of AFF1 in osteogenic differentiation, we first depleted AFF1 in human MSCs using siRNA. The knockdown efficiency was confirmed by RT-PCR and western blot (Figure 1a and b) . AFF1 depletion decreased the proliferation of MSCs (Figure 1c ). After osteogenic induction for 7 days, we found that siRNA-mediated depletion of AFF1 led to more intense staining of alkaline phosphatase (ALP), an early marker of osteoblastic differentiation (Figure 1d ). This observation was confirmed by quantitatively measuring ALP activity on days 3 and 7 ( Figure 1e ). We also assessed extracellular matrix (ECM) mineralization by Alizarin red S (ARS) staining. As shown in Figure 1f and g, mineralization was significantly increased after AFF1 depletion. In addition, AFF1 knockdown upregulated the expression of osteogenic-related genes, such as Runx2, Osterix (SP7), and Osteocalcin (BGLAP) (Figure 1h-j) .
Overexpression of AFF1 impairs osteoblastic differentiation To confirm the role of AFF1 in osteoblastic differentiation, we investigated the effect of ectopic overexpression of AFF1 on osteoblastic differentiation. Human MSCs were stably transduced with lentiviral particles expressing HA-AFF1 (Figure 2a and b) . We found that overexpression of AFF1 decreased the ALP activity and mineralization of MSCs (Figure 2c-f) . In addition, the expression of Depletion of AFF4 decreases osteogenic differentiation As both AFF4 and AFF1 are key members of the AFF family and share highly conserved functional domains involved in gene transcription regulation, including conserved N-and C-terminal domains, a serine-rich transactivation domain, and an ALF homology region, 25, 38 we sought to verify whether AFF4 plays a similar role as AFF1 in regulating the osteogenic differentiation of MSCs. AFF4 was knocked down in MSCs using siRNA (Figure 3a and b) , resulting in reduced MSC proliferation (Figure 3c) . Surprisingly, depletion of AFF4 significantly reduced the alkaline phosphatase (ALP) activity and extracellular matrix mineralization, indicating that it had an opposite effect on osteogenic differentiation compared with AFF1 (Figure 3d-g ). In addition, knockdown of AFF4 inhibited the expression of osteogenic-related genes, such as Runx2, SP7, and BGLAP (Figure 3h-j) .
Overexpression of AFF4 enhances the osteoblastic differentiation of MSCs
To investigate the effects of ectopic overexpression of AFF4 on osteoblastic differentiation, human MSCs were stably transduced with lentiviral particles expressing HA-AFF4 (Figure 4a and b) . As expected, the ALP activity and mineralization of MSCs were markedly enhanced after AFF4 overexpression (Figure 4c-f) . Moreover, an RT-PCR assay showed that the expression of the abovementioned osteogenic-related genes was significantly elevated after AFF4 overexpression and 5 days of osteogenic induction (Figure 4h-i ).
AFF1 and AFF4 differentially regulate MSC-mediated bone formation in vivo To verify our findings in vitro, we examined whether the overexpression of AFF1 and AFF4 differentially affected MSC-mediated bone formation in vivo. To this end, we subcutaneously implanted MSCs stably overexpressing HA-AFF1 or HA-AFF4 with β-TCP scaffolds into immunocompromised mice. After 3 weeks, H&E staining showed that there was very little newly generated bone, while many β-TCP (Figure 5a ). However, the bone volume in the HA-AFF4 group was significantly higher than that in the control and HA-AFF1 groups (Figure 5a and b) . At 6 weeks, much more bone was observed in all three groups compared with that at 3 weeks. Mice implanted with AFF1-overexpressing MSCs showed much less bone tissue ( Figure  5c and d) . By contrast, increased bone formation was observed in mice implanted with AFF4-overexpressing MSCs (Figure 5c and d) , and bone marrow was observed.
AFF1 controls DKK1 transcription DKK1 is an antagonistic inhibitor of the Wnt/β-catenin signaling pathway, which plays a critical role in skeletal 14,39 Therefore, we want to know whether AFF1, as an elongation factor, could mediate DKK1 gene transcription. Thus, we examined the expression of DKK1 after AFF1 depletion in MSCs. We found that depletion of AFF1 in MSCs significantly reduced the mRNA and protein levels of DKK1 (Figure 6a and b) . Conversely, overexpression of AFF1 increased the expression of DKK1 (Figure 6a and b) . In addition, we performed an anti-AFF1 ChIP assay, which demonstrated that AFF1 bound to the promoter region of DKK1. The ChIP signal for AFF1 was almost completely abolished by AFF1 knockdown (Figure 6c ). These data suggested that AFF1 might control the osteoblastic differentiation of MSCs by regulating DKK1 transcription. To further elucidate the mechanism, we performed rescue experiments by knocking down DKK1 in stable HA-AFF1-expressing MSCs using siRNA. Depletion of DKK1 significantly abolished the inhibition of ALP activity triggered by AFF1 overexpression (Figure 6d and e) as well as the expression of SP7, a master transcription factor for osteogenic differentiation (Figure 6f) , and GBLAP, a marker for mature osteoblasts (Figure 6g ). AFF4 is required for ID1 transcription and BMP2-induced responses The DNA-binding protein inhibitor ID1 is a target of the BMP pathway and plays an important role in regulating the differentiation of stem cells.
12, 40 Here, we found that depletion of AFF4 significantly reduced the mRNA level of ID1 as well as its protein levels (Figure 7a and b) . By contrast, overexpression of AFF4 induced the expression of ID1 (Figure 7a and b) . We then performed a ChIP assay and observed that AFF4 was enriched in the promoter (Figure 7c ). To this end, we performed a BRE luciferase assay and found that AFF4 depletion markedly restricted BMP2-induced responses ( Figure 7d ). As BMP2 induces the expression SP7, a master transcription factor for osteogenic differentiation, we examined whether this induction requires AFF4. Quantitative RT-PCR revealed that deletion of AFF4 blunted the expression of SP7 induced by BMP2 treatment (Figure 7e ). In addition, knockdown of AFF4 also decreased the ALP activity induced by BMP2 treatment (Figure 7f and g ).
DISCUSSION
As a set of transcriptional regulators, AFF family proteins play important roles in numerous biological processes, including transcription regulation, chromatin remodeling and leukemia. 24, 28, 41 Their relationship with leukemia and functions in HIV transcription has been widely investigated. [29] [30] [33] [34] Nevertheless, whether they function similarly in cellular differentiation, especially in the osteogenic differentiation of MSCs, remains unknown. In the present study, we show that AFF1 depletion enhances the expression of osteogenic-related genes, ALP activity and mineralization. Overexpression of AFF1 impairs osteogenic differentiation and MSC-mediated bone formation in vivo. Conversely, we find that AFF4, another member of the AFF family, has an opposite regulatory function in the expression of osteogenic-related genes, ALP activity and mineralization in vitro as well as in bone formation in vivo. These findings indicate that AFF1 and AFF4 differentially regulate the osteogenic differentiation of MSCs. The expression levels of AFF2 and 3 are too low to be detected in hMSCs (unpublished data). AFF1 and AFF4 share some conserved functional domains in their protein structures. 24, 41 Both of them are reported to form fusion genes with the mixed lineage leukemia (MLL) gene, which is associated with leukemia. 32, 42 Both AFF1
and AFF4 act as partners of P-TEFb to regulate transcription elongation. Previous studies have shown that either AFF1 or AFF4 could participate in the formation of different SEC subtypes by serving as a scaffolding protein. 34 Other researchers also found that AFF4 binds to Tat-P-TEFb, which indirectly stimulates recognition of the HIV promoter. 33 In addition, both AFF1 and AFF4 are scaffolding proteins that link different parts of SECs. 28, 34 Despite these similarities, these two proteins have opposite effects on the impairs MSC-mediated bone formation, whereas overexpression of AFF4 enhances this process. Mechanistically, ChIP experiments suggest that both AFF1 and AFF4 could function as transcription factors to mediate the transcriptional activation of the key regulators in MSC osteogenic differentiation by binding to the promoter regions of these genes. AFF1, but not AFF4, affects differentiation by regulating DKK1 transcription, while AFF4 regulates ID1 transcription to control osteoblastic differentiation through the BMP pathway. These findings are consistent with a previous report that demonstrated that genes regulated by SECs containing AFF1 or AFF4 are largely non-overlapping. 43 On the basis on previous studies and the findings of this study, we speculate that there are several potential reasons for the different effects of AFF1 and AFF4 on the osteoblastic differentiation of MSCs. It is well known that SECs regulate gene expression at the transcriptional level. 38 Although AFF1 and AFF4 are components of SECs, they may be independently localized and are not found together in a single SEC. 27, 43 These two proteins may also form a heterodimer, which is not necessary in SEC assembly. 43 A previous study showed that the subnuclear distribution of AFF1 is diffuse, while AFF4 is mainly found on SC35 in nuclear speckles. 28 Furthermore, the gene targets of AFF1
and AFF4 are largely distinct. 43 Taken together, our data further demonstrated that these two proteins function differently during osteogenesis by regulating different signal pathways. In summary, we show that AFF1 and AFF4 differentially regulate the osteogenic differentiation of human MSCs in vitro and MSC-mediated bone formation in vivo. Mechanically, AFF1 controls the transcription of DDK1, while AFF4 is required for ID1 transcription and BMP2-induced responses. Our data indicate that AFF1 and AFF4 are critical epigenetic regulators of the osteogenic differentiation of human MSCs.
